SUMMARY
The measurement of gas exchange during anaesthesia and intensive therapy may be used to determine the basic pharmacokinetics of gaseous anaesthetic agents [1, 2] , to derive the respiratory quotient as a guide to parenteral feeding regimens [3, 4] or to measure the effects of i.v. drugs [5] .
Gas exchange in the clinical environment has been measured using three established techniques. In titration methods, the quantity of gas required to maintain the inspired concentration in a closed environment is measured; these methods have been applied to measurements made during paediatric intensive therapy [6] . Measurements using modified breathing systems have been applied in general anaesthesia [7] . In the investigation of the physiology of exercise, fast measurement response to changes in the work load of exercising subjects is required and the use of breath-by-breath measurement of gas exchange has been favoured [8] [9] [10] .
The maximum amount of information is obtained usually from breath-by-breath measurement. However, during anaesthesia the use of this method has been limited by the need to correct for the wide range of gas composition changes encountered. Furthermore, the absence of air nitrogen in the inspired gases prevents the application of Haldane's transformation, in which the ratio of inspired to expired nitrogen concentrations is used to deduce inspired volume from expired volume by assuming no exchange of nitrogen [11] . Additionally, no correction of measurements for changes in the volume of gas stored in the lung attributable to breath-to-breath changes in functional residual capacity (FRC) can be made.
We describe a breath-by-breath gas exchange measurement system which overcomes the problems posed, for eight gases. It uses a single pneumotachograph, a mass spectrometer and a microcomputer. The system is suitable for use during general anaesthesia.
SUBJECTS AND METHODS

Principles of operation
The technical problems faced by any breath-bybreath gas exchange system using a remote sensor of gas concentrations are threefold: (1) Correction for the relative delay between flow information and concentration information resulting from lag time in the gas capillary of the measuring instrument. ( 2) The need to correct for different humidity and gas composition between inspired and expired gases and the effect of changes on flow measurement. (3) The need to correct flow measurements for the wide range of changes in gas composition within expired gas.
The last two of these problems have often been solved in other reported systems by use of two pneumotachographs calibrated for inspiratory and expiratory gas, respectively. For the system reported here, two pneumotachograph heads would have reduced its applicability in anaesthesia, and so a single flow transducer system was specified. A further design constraint of the system was the need to make measurements in real-time and display the results breath-by-breath, requiring that results be computed within the time limits of the breathing cycle.
The mathematical basis and the technical details, including error sensitivity analysis of the system and calibration results for the individual components have been reported in detail elsewhere [12, 13] . The design of the system addressed these fundamental problems; design constraints may be summarized as follows: (1) The delay between the mass spectrometer and the flow transducer was allowed for separately for each breath by identifying the beginning of inspiration in the carbon dioxide concentration channel. This point was associated with the point at which inspiratory flow started on the flow transducer. This method had the advantage that it worked even if the delay changed because of partial blockage of the capillary of the mass spectrometer. (2) Inspired gases were assumed to be of constant concentration at the concentration values given at the point expiration started on the flow transducer. At this point, the mass spectrometer was still registering inspired concentration, because of its capillary delay time. (3) Inspired volume of gas was measured by the pneumotachograph micromanometer. This integrated the inspired flow signal on a sample-and-hold circuit, holding it until the next inspiration, when it automatically reset. This eliminated the need to compute inspired volume and gave the computer time for calculation and display in real-time. (4) Measurement of expired gases flow was corrected for changes in gas composition by assuming that the gases had a constant composition throughout expiration at the mean of the inspired to end-tidal concentration values. It was assumed that the viscosity of the mixture equalled the mean of the viscosities of their components weighted by their concentration. A fixed inspiratory-to-expiratory difference factor was used to allow for humidity. (5) The mass spectrometer measured the concentration of all gases in the mixture except water vapour, with the result that all gas concentrations were measured as if dry at room temperature.
Because the system relies on a portion of the ventilatory cycle time in which to do its calculation, as ventilatory frequencies increased there came a point at which there was insufficient time for the calculation to be performed. At this point, calculations were performed every other breath. As a result, the figures produced by the system are not expressed as flow per minute, but as volume per breath. Switching to every other breath occurred in the reported results at approximately 20 b.p.m. and affected around 10% of readings, mostly in the spontaneously ventilating patients and volunteers.
Apparatus
A schematic diagram of the system used is shown in figure 1. Instantaneous gas concentration values obtained by the mass spectrometer (VG Spectralab-M) are passed to the computer via an RS 232C interface. Inspired volume and expired flow signals from the pneumotachograph micromanometer are passed to the same microcomputer using two analogto-digital converters. The capillary of the mass spectrometer is mounted on the patient side of an assembly including a Fleisch No. 2 pneumotachograph head. The whole assembly can be inserted into any standard anaesthetic circuit at the catheter mount. The sampling rate for the system was 10 Hz.
In all the tests described, the mass spectrometer was calibrated using a static gas mixer [14] . The accuracy of the instrument so calibrated has been described elsewhere [15] .
The software run by the BBC microcomputer is menu-driven and stores data collected on a breathby-breath basis onto floppy disc. Event markers and patient information are stored on the same disc. Breath-by-breath uptake, end-tidal and end-inspiratory concentrations for all the gases monitored, together with a measurement of respiratory quotient (RQ), are available. The display allows one of these calculated functions to be displayed graphically breath-by-breath in 10-min periods, with the other functions being simultaneously displayed numerically.
Gas exchange measurement methods
The mathematical theory underlying the system has been described by several authors [9, 10, 12, 13, 16] . Two forms of breath-by-breath measurement of gas exchange were implemented in the computer program.
In the simplest, no correction for lung gas stores, breath-by-breath, was made. Gas exchange at the mouth was calculated only from the difference between the inspired and expired volumes of each gas. The inspired volume of each gas was calculated from the constant inspired gas concentration and the total inspired volume. The expired volume of each gas was calculated from the summation over the expiration of the instantaneous product of gas concentration and volume expired.
In the second method, it was assumed that one of the two inert gases with which the body is saturated from the atmosphere was maintained at atmospheric inspiratory concentration. In these circumstances, there can be no effective concentration gradient between inspired gas and the body and any breathby-breath gas uptake detected in these gases by the system must be attributable to changes in the gas stored in lung from breath to breath, resulting from changes in FRC. Either nitrogen, if the subject is breathing air, or argon, which can be maintained in the anaesthetic breathing system at near its atmospheric concentration of 0.93 % vol/vol, may be used. During nitrous oxide in oxygen anaesthesia, argon was supplied to the patient breathing system using a modified T-piece and a fine metering valve placed at the fresh gas flow supply to the system. The concentration was maintained manually by reference to the inspired argon concentration measured by the mass spectrometer. In practice, after induction of anaesthesia, it was found that argon flow required relatively few adjustments, being buffered by the volume of the breathing system and the FRC of the subject.
Clinical application
After Ethics Committee approval and informed consent were obtained, we tested the accuracy of the system with seven air-breathing volunteers and two groups of 10 patients receiving general anaesthesia for elective gynaecological surgery. All patients were premedicated with temazepam 10-20 mg orally 1-2 h before operation.
Anaesthesia was induced with propofol 2-2.5 mg kg" 1 i.v. and tracheal intubation facilitated by suxamethonium 50-100 mg i.v. Anaesthesia was maintained with 50-70% nitrous oxide in oxygen and a propofol infusion. One group of patients breathed spontaneously throughout the procedure. The other group received vecuronium 0.1 mgkg" 1 and controlled ventilation with a Blease-Manley ventilator.
Air breathing volunteers. The accuracy of gas exchange measurements of oxygen and carbon dioxide made by the system was compared with standard Douglas bag techniques.
Volunteers were requested to breathe through the pneumotachograph head past the mass spectrometer BRITISH JOURNAL OF ANAESTHESIA probe into an Ambu resuscitation valve ( fig. 2) . The valve was used to displace expired gas into a Douglas bag via a ventilatory tap. After steady breathing had been established through the apparatus, the ventilatory tap was turned and 20 expirations collected in a 10-litre Douglas bag. At the same time, measurements using the breath-by-breath system were made. After thorough mixing of the contents, the mixed expiratory concentrations of carbon dioxide and oxygen in the bag were measured using the mass spectrometer. Expiratory volume was measured by emptying the bag through a previously calibrated dry gas meter which was re-zeroed before each measurement. Haldane's transformation was applied to the contents of the bag to obtain the inspired volume and the results corrected for humidity.
Three measurements were made for each volunteer : one without equilibrium gas correction, one with argon and one with nitrogen. None of the volunteers used in the experiments was a trained breather.
Spontaneously ventilating patients. After the induction of anaesthesia and intubation of the trachea, the patients breathed a nominal 70 % nitrous oxide in oxygen mixture through a Mapleson A (Magill) breathing system with an inspired argon concentration maintained at 0.93 (±0.1)% vol/vol. Anaesthesia was allowed to stabilize and then measurements were made with the system. After the measurements, patients were connected immediately to an arrangement of two Douglas bags and an Ambu valve. One Douglas bag was used to collect expired gases and the second bag, which had been pre-filled with a mixture of nitrous oxide, oxygen and argon of the same inspired concentrations, was used as the source of gas. Mixed expired gas concentrations in the Douglas bag were measured by the mass spectrometer and expired volume by dry gas meter, as described previously. Oxygen, carbon dioxide and nitrous oxide exchanges were then assessed in a manner similar to that for Douglas bag measurements with spontaneously ventilating volunteers breathing room air, but without the application of Haldane's transformation. The total inspired volume was therefore assumed to be equal to the total expired volume over the Douglas bag measurement period.
Patients undergoing controlled ventilation. Expired gas was collected for 20 breaths into a Douglas bag attached to the expiratory port of the Blease-Manley ventilator. To reduce variability and to check for leaks, the ventilator was used at fixed settings previously calibrated over several breaths using a dry gas meter, to give a measurement of inspiratory volume. The stability of these calibrated tidal volumes was checked during the experiments using an electronic anemometer (Ohmeda). Expired volumes in the Douglas bag were measured using the dry gas meter and mixed expired gas concentrations were measured by mass spectrometry. An Ambu resuscitation valve was used to supplement the valve in the ventilator circuit, to prevent mixing of inspiratory and expiratory gases at the end of the Ypiece. Inspiratory concentrations were adjusted manually by manipulating the flowmeter block on the anaesthetic machine in response to the mass spectrometer readings. The system and Douglas bag measurements were made synchronously.
RESULTS
The results from the experiments have been processed as illustrated by figures 3 and 4, which show the results from tests on carbon dioxide exchange without correction for lung gas stores under controlled ventilation. The results have then been summarized in tables I-III for each of the groups of subjects studied.
The mean exchange measured by the system was plotted against the corresponding Douglas bag measurements and regression analysis performed. Within-patient variation per breath was considered as SD error bars ( fig. 3) . In subsequent tables, the results of the regression analysis have been summarized in terms of slope m and intercept c, together with their SE. Between-subject variation (mean and SD of the differences between system and Douglas bag measurements) is given in terms of both ml breath" 1 and % of the Douglas bag measurement ("betweensubjects differences" in tables). The within-subject, between-breath variation (SD of the differences between the breath-by-breath system measurements and the corresponding single Douglas bag measurement) is also given in terms of ml breath" 1 and % of the Douglas bag measurement ("within-subject, between-breath variation" in tables).
The differences between the system measurement and the Douglas bag measurement were plotted against the Douglas bag measurement (fig. 4) . The limits of agreement for the measurements were calculated using the method of Bland and Airman [17] (mean error ±2 SD). These limits are shown in figure 4 and summarized in the individual tables. In a slight departure from the method of Bland and Airman, the limits have been expressed with ref- Within-subject, between-breath variation Volume (SD) (ml) Detailed results for air-breathing volunteers are given in table I, for the exchange of carbon dioxide and oxygen according to the three methods of correction. Regression analysis showed that they were all consistent with the line of identity, with slopes m not significantly different from unity and intercepts c not significantly different from zero. For both between-subject and within-subject variation, SD values were greater for oxygen exchange than for carbon dioxide exchange; nitrogen and argon corrections did not produce any significant reduction in SD value for within-subject, between-breath variation.
In the spontaneously breathing patients, most of the regression lines were consistent with the line of identity (table II) . In this group of patients, the argon correction roughly halved the between-subject SD values and reduced those between breaths. Both types of SD were again greater for oxygen than for carbon dioxide, and greater still for nitrous oxide.
For the patients receiving controlled ventilation (table III) , most of the regression lines differed significantly from the line of identity, but only for nitrous oxide exchange with the argon correction was the slope notably different from unity (0.77). Again, the between-subject and within-subject SD values were greater for oxygen exchange and greatest for nitrous oxide although, here, the argon correction was not so consistently successful in reducing SD values.
DISCUSSION
General considerations of accuracy
The Douglas bag collection system is not an ideal method for strict comparison with the sort of computer-aided, breath-by-breath measurement system described: the Douglas bag collects the total gas expired over a number of breaths, but because the system measures volume per breath, a comparable mean exchange per breath can be deduced only by weighting the results by tidal volume. However, the computer system reported here did not take account of variations in tidal volume. Bearing this in mind, it is important to ascertain if the differences demonstrated between the methods in Investigating group and method
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Wessel [9] Nitrogen correction Beaver [10] Work (10.6) this study indicate a limit of accuracy less than that seen in dual flow transducer systems used by others [8] [9] [10] 17] which used different methods of accounting for the fundamental difficulties of making this type of measurement. In all types of subject and for all types of correction, the errors associated with carbon dioxide measurement were smaller than those associated with oxygen or nitrous oxide. This was to be expected, and was caused by the errors of inspiratory volume measurement being cancelled by the negligible inspiratory concentrations of carbon dioxide present in the breathing systems used. If a breathby-breath measurement technique of the type reported was used to assess gas exchanged at increased inspiratory concentrations of carbon dioxide, it would be expected that the overall errors for carbon dioxide measurement would increase and become comparable to those of oxygen measurement.
In some cases, the limits of agreement for the methods indicated large volume per breath differences between different corrections and subject groups. In the case of air-breathing volunteers, these differences may be as much as ±50%-an unacceptable figure. However, bearing in mind the limited comparability of Douglas bag measurements and the system measurements, conclusions drawn from the limits of agreement have to be treated with a degree of caution. Table IV shows the coefficients of variation (CV) for gas exchange measurements taken from the literature for measurements in air-breathing subjects. The CV expresses variability within singlesubject records. The use of CV as an indicator of measurement reliability had the advantage that the way in which results were originally expressed made no difference-a necessary property if different systems from the literature, that vary greatly in their method of reporting, are to be compared.
Comparison of system with other systems for air breathing volunteers
The disadvantage of CV is that it does not take account of any effects of error of distribution in the data that varies from system to system. However, CV does give an approximate basis of comparison.
Where more than one subject data set was available, the mean and SD of the individual CV for published subject records are shown. There was no significant difference between the variability of the results reported here and those of Swanson, Sodal and Reeves for no lung gas stores correction [16] or Wessel and colleagues [9] for the same methods implemented with a dual transducer system. The more revealing of these two studies is that of Wessel's group, as they made measurements in subjects at rest. Swanson, Sodal and Reeves [16] used what appear to have been trained breathers under moderate exercise.
There are significant differences between our results and those of Goldman, Dzvonczyke and Yadagani [8] and Beaver, Lamaura and Wasserman [10] . Beaver's group [10] used trained breathers and the experiments were performed at steadily increasing exercise workloads. It might be thought that, as exercise levels increased, the amount of between-breath variation would increase. However, their results [10] suggest the reverse because, as the workload increased, CV values decreased. Goldman's group [8] classified their results according to subjects being regular or irregular breathers. Our results were generally significantly less than those from the irregular breathers group and significantly greater than those from the regular breathers group. Both groups were at rest and were volunteers although, in the case of the regular breathers group, they were likely to have been trained breathers.
It seems that, in common with other breath-bybreath measurement systems, the system reported here was sensitive to variation in ventilatory pattern. Its degree of sensitivity is comparable to that of other systems using the same measurement methods and dual pneumotachographs in the absence of anaesthetic gases. The results were consistent with the present system being as reliable as any other and superior in some cases, even with respect to irregular breathing by untrained volunteers.
Adequacy of accuracy for clinical measurements during general anaesthesia
One of the potential advantages of using breathby-breath measurements during anaesthesia is that it is a universal method of measurement of gas exchange requiring little interference in the patient breathing system.
Alternative methods of measurement of gas exchange during anaesthesia have typical estimated accuracies for oxygen and carbon dioxide exchange measurements of 3.0 % (SD) and for nitrous oxide uptake of 7.0% (SD) [1, 5, 7] . With these systems, significant clinical differences have been shown in gas exchange and their accuracies are comparable to that of the system reported here for spontaneous and controlled ventilation during general anaesthesia.
Efficacy of lung gas stores correction
The effects of the applications of correction for variation in lung gas stores by nitrogen or argon were ambiguous. In the case of air-breathing volunteers, neither of the two methods of correction for gas lung stores offered definitively greater accuracy, probably because of limitations of accuracy inherent in the method in the presence of irregular breathing patterns. Even in this case, however, argon correction was no worse than the nitrogen correction, even though the inspired concentration was two orders of magnitude smaller. It would seem that argon correction is a viable alternative to nitrogen correction.
In the case of the application of the correction during general anaesthesia, significant improvement for spontaneous ventilation was seen in all cases, but only a marginal increase in accuracy was achieved by the application of the corrections for controlled ventilation. This was to be expected as, under controlled ventilation, changes in lung gas stores and breath-by-breath would be expected to be smaller.
